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ABSTRACT 

Core-collapse supernovae (CCSNe) are the explosions of massive stars following the collapse of the stars’ 
iron cores. Poznanski (2013) has recently suggested an observational correlation between the ejecta velocities 
and the inferred masses of the red supergiant progenitors of type II-P explosions, which implies that the kinetic 
energy of the ejecta (i?kin) increases with the mass of the progenitor. I point out that the same conclusion can be 
reached from the model-free observed correlation between the ejected ®®Ni masses (Mni) and the luminosities 
of the progenitors for type II supernovae, which was reported by Fraser et al. (2011). This correlation is in an 
agreement with the predictions of the collapse-induced thermonuclear explosions (CITE) for CCSNe and in a 
possible contradiction with the predictions of the neutrino mechanism. I show that a correlation between Mm 
and i?kin holds for all types of CCSNe (including type Ibc). This correlation suggests a common mechanism for 
all CCSNe, which is predicted for CITE, but is not produced by current simulations of the neutrino mechanism. 
Furthermore, the typical values of E^m and Mni for type Ibc explosions are larger by an order of a magnitude 
than the typical values for II-P explosions, a fact which disfavors progenitors with the same initial mass range 
for these explosions. Instead, the progenitors of type Ibc explosions could be massive Wolf-Rayet stars, which 
are predicted to yield strong explosions with low ejecta masses (as observed) according to CITE. In this case, 
there is no deficit of high mass progenitors for CCSNe, which was suggested under the assumption of a similar 
mass range for the progenitors of types II-P and Ibc supernovae. 

Subject headings: supernovae; general 


1. INTRODUCTION 

There is strong evidence that superno vae of types II and 
Ibc are explosions of massive stars (e.g. iHirata et al.l 119871: 

lArnett et'afll 19891 Ivan Dvkl| 19921 ISmarttjl2009l) . involving the 

collapse of the stars’ iron cores and ejection of the outer lay¬ 
ers. It is widely thought that the observed ~ 10®^ erg kinetic 
energy of the ejecta (E'kin) is due to the deposition of a small 
fraction (~ 1%) of the gravitational energy (^ 10®^ erg) re¬ 
leased in neutrinos (see lBeth3l990l:lJankal20l:^ for reviews). 
So far, this scenario has not been demonstrated from first 
principles. In fact, one-dimensional simulations indicate that 
the neutrinos do not deposit sufficient energy. While some 
explosions were obtained in multi-dimensional simulations 
with simplified neutrino transport, the fundamental mecha¬ 
nism would only be satisfactorily demonstrated once accu¬ 
rate three-dimensional simulations, with all r elevant physical 
proces s taken into account, become available. iBurbidge et al.l 
(119571) suggested a different mechanism for the explosion dur¬ 
ing core-collapse that does not involve the emitted neutri¬ 
nos. In this proposed scenario, increased burning rates due 
to adiabatic heating of the outer shell s as they collapse lead 
to a thermonuclear exp losion (see also iHo vie & Fowieill 19601: 
iFowler & Hovlel[l964l) . This collapse-induced thermonuclear 
explosion (CITE) naturally produces ^ 10®^ erg from ther- 
m onuclear burning of ^ 1 Mq (gain of ~ MeV /mp). 

iKushnir & Kata (120141) have shown that CITE is possible 
in some (tuned) one-dimensional initial profiles, which in¬ 
clude shells of mixed helium and oxygen, but resulting in 
weak explosions , < 10^° e rg, and negligible amounts of ^®Ni 
are ejected. In iKushniil (120151) I have recently used two- 
dimensional simulations of rotating massive stars to explore 
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the conditions required for CITE to operate successfully. I 
found out that for stellar cores that include slowly (a few per¬ 
cent of breakup) rotating ~ 0.1 — 10 M© explosive shells of 
He-O with densities of few x lO^gcm”^, an ignition of a 
thermonuclear detonation that unbinds the stars’ outer layers 
is obtained. With a series of simulations that cover a wide 
range of the progenitor masses and profiles, I showed that 
CITE is insensitive to the assumed profiles and thus a robust 
process that leads to supernova explosions for rotating mas¬ 
sive stars. The resulting explosions have i?kin in the range 
of 10^® — 10®^ erg, and ejected ®®Ni masses (Mm) of up to 
1 Mq, both of which cover the observed ranges of core¬ 
collapse supernovae (CCSNe, including types II and Ibc). 
CITE predicts that stronger explosions (i.e., larger Skin and 
higher Mm) are from progenitors with higher masses. Test¬ 
ing if the required initial conditions for CITE to operate exist 
in nature is difficult observationally, but here I show observa¬ 
tional evidence from CCSNe that are in agreement with the 
prediction that stronger explosions are from progenitors with 
higher masses, which implies that CITE may be the dominant 
mechanism for CCSNe explosions. 

In recent years, direct identifications of the progenitors have 
been made for CCSNe in pre-explosion images, and they pro¬ 
vide pow erful tests for CCSNe theories (e.g. ISmartl[20091 : 
lLeonardll201 It ISmartll 120151) . Several observed correlations 
between the properties of the progenitors and the supernovae 
suggest th at more massive p rogenitors lead to stronger ex¬ 
plosions. iPoznansO (120131) has recently suggested an ob¬ 
servational correlation between the ejecta velocities and the 
inferred masses of the red supergiant progenitors of type II- 
P explosions. The correlation implies that i?kin is approx- 
imately proportio nal to the mass of the progenitor cubed. 
iPoznansO (120131) suggested that the same correlation can be 
also deduced for type II-P supernovae from the observed uni- 
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formi t y of the ligh t -curve plateau duration (iPoznanski et alJ 
l2009t lArcavi et alJ 1201 2^ and the correlation between the 
light-curve luminosities a nd ejecta velocities (iHamuv & Pintol 
l2002t iNupent et ani2006h . In Section|2l I point out that more 
massive progenitors leading to stronger explosions can be de¬ 
duced in a model-independent way from the observed cor¬ 
relation between Mni and the progenitor luminosities . This 
observed correlation was first reported bv iFraser et alJ (1201 Ih 
(see also a closely related correlation b etween Mn; and th e 
masses of the progenitors, suggested bv ISmartt et al.ll^09^ . 
Unlike progenitor masses or E^ui, whose inferences rely upon 
models (massive star evolution models or complicated light- 
curve models, respectively) and thus are subjective to large 
systematics uncertainties due to model assumptions, both Mni 
and progenitor luminosities are model-free and can be directly 
derived from observations. Furthermore, these two quanti¬ 
ties can be deduced for all type II explosions and are not re¬ 
stricted to type II-P supernovae. I reproduce the correlation 
between M^\ and the progenitor luminosities with an updated 
data (Section lTTI) and show th at it is in an agreement with the 
predictions of CITE (Section [2.2b and in a possible contra¬ 
diction with the predictions of the neutrino mechanism (Sec¬ 
tion |23]l. 

The use of Mn; as an indicator for is based on an ob¬ 
served correlation between Mni and E]^n shown in Section [3 
I demonstrate that this correlation holds for a ll ty pes of CC- 
SNe, including both types II and Ibc (Section iTli) . This uni¬ 
versal correlation suggests a common explosion mechanism 
for all CCSNe, which is predicted for CITE, but it is not pro- 
duc ed by current simulations of the neutrino mechanism (Sec- 
tion l3.2l i. Eurthermore, the typical values of E’kin and Mni for 
type Ibc explosions are larger by an order of a magnitude from 
the typical values for type II-P explosions. This fact disfavors 
a similar mass range for the progenitors of these events, and 
suggests that the progenitors of type I bc e xplosions are mas¬ 
sive Wolf-Rayet (WR) stars (Section l3.3b . Since WR stars 
have more massive cores and stripped envelopes, CITE pre¬ 
dicts that they lead to stronger explosions and relatively low 
ejecta masses, both of which are consistent with observations. 
Progenitor studies that assume a similar mass range for the 
progenitors of type II-P and type Ibc supernovae suggest a 
deficit of high mass progenitors 20 Mq) for CCSNe, and 
if true, it would imply that higher mass stars produce “failed 
supernovae” - weak explosions that are very faint (e.g., see 
ISmartlll2009h . However, If massive WR stars are the progen¬ 
itors of type Ibc supern ovae, there is no deficit of high mass 
progenitors for CCSNe (ISmarttil20I5h . 

2. EJECTED 56nI MASSES VERSUS THE LUMINOSITIES OF THE 
PROGENITOR 

2 . 1 . Observations 

The observed correlation between Mni and the luminositie s 
of the progenitors, which was reported bv lEraser et alJ (1201 111 , 
is reproduced with updated data in panel (a) of Eig urefl] The 
sample includes all supernovae from lSm^ta (120151) . for which 
estimates of are available in the literature, supplemented 
with SN 1987A and SN 1993J (see Table[Tli. A clear correla¬ 
tion over one order of magnitude for both Mni and for the lu¬ 
minosity of the progenitor is apparent, where the range of Mni 
roughly corresponds to Ey^n ^ few x 10^° — few x 10®^ erg 
(see Pigure[3l. More luminous progenitors eject larger masses 
of ®®Ni. Note that SN 1987A and type Ilb supernovae have the 
largest progenitors luminosities and the largest Mni values, a 


property that will be discussed in Section[3] 

It would seem natural to inspect the correlation between 
E'kin and the luminosity of the progenitors, rather than using 
Mni as an indicator for i?kin- The main motivation against 
using the inferred Skin from observations is the complicated 
light-curve modeling that is involved for its estimation (which 
can include large systematic uncertainties), compared with the 
model-free determination of Mni. Indeed, only a weak corre¬ 
lation is obtained between the estimated S^n reported in the 
literature (see Table d]) and the luminosity of the progenitors, 
as shown in Eigure|2] The advantage of using over S^n 
is evident by comparing panel (a) of Eigure [T| to Eigure |2l 
The correlation between Mni and Skin (Section [3 that is the 
justification for using Mni as an indicator for Skin suffers as 
well from the large systematic uncertainties in the estimation 
of Skin. However, in this case the sample is large and it spans 
more than two orders of magnitude in MNi and Skin, such that 
the large systematic uncertainties are less important. 

Since more luminous progenitors are more massive and 
since larger values of MNi imply larger Skm, the correla¬ 
tion between MNi and the luminosities of the progenitors im¬ 
plies that more massive progenitors lead to stronger explo - 
sions, the same qualitative result found bv iPoznanski! (I20 1 3h . 
The model-free measurements of MNi and of the luminosi¬ 
ties of the progenitors are more robust than the estimates of 
the masses of the progenitors (which depend on stellar evo¬ 
lution models) and of E'kin (which depend on compl icated 
light-curve modeling). Eurthermore, iPoznansO (120131) used 
the Ee II A5169 absorption feature to estimate the velocity of 
the ejecta, which limits the analysis for events other than type 
II-P. 

2 . 2 . The prediction of CITE agrees with observations 

A primary prediction of CITE is tha t iJkin increases with the 
mass of the progenitor (lKushniil20I5l) . This is more apparent 
by considering the binding energy of the shells to be ejected, 
Ebia (corrected for thermal energy), which is more negative 
for more massive progenitors. We can write quite generally 
that Skin is given by 

E\iin ~ E^Qp -f Skin, (1) 

where Sdep is the energy deposited in the ejecta. Eor CITE, the 
deposited energy is thermonuclear, Sdep Msheii x MeV /rrip, 
where Msheii is the mass of shell of the thermonuclear fuel 
(the explosive shell). The relevant binding energy in this 
case is the one exterior to the base of the explosive shell, 
Sbin ^ i-7A/base ATsbeii/Tbase 5 where iUbase and Tbase are the 
enclosed mass and the radius at the base of the explosive 
shell, respectively. Sdep and iSbinI are comparable^ sinc e 
few X GMbase/Tbase ~ MCV/rrip (iKushnir & Katz! [2014) . 
Therefore, Gkin can never exceeds significantly |i?bin|, and in 
the absence of a tuning between i^dep and i^bin, 77kin cannot be 
much smaller than |i?bin|- Therefore, i^kin ^ |7?bin| for CITE. 
This order of magnitude estimate is validated in panel (b) of 
Eiguredl which shows the re sults of the CIT E simulations that 
exploded successfully from iKushniii (120151) . The conclusion 
is that the prediction of CITE agrees with the observation that 
more massive progenitors lead to stronger explosions. 

2 . 3 . The prediction of the neutrino mechanism possibly 

contradicts observations 

Eor the neutrino mechanism, E'dep is the energy deposited 
by neutrinos. Since from basic considerations the iron core is 
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similar over a wide range of progenitor masses (the iron core 
is approximately a Chandrasekhar-mass white dwarf), is 
roughly constant over a wide progenitor mass range. How¬ 
ever, the relevant binding energy in this case, the one exterior 
to the iron core, changes significantly between different pro¬ 
genitor masses. Therefore, as long as ^ |f?bin|. Equa¬ 
tion O predicts that E-^i^ k, E^^^ k, constant. At some pro¬ 
genitor mass i?dep is comparable to |E^bin|, such that for higher 
progenitor masses the explosion fails, since the deposited en¬ 
ergy by neutrinos is smaller than the (absolute) binding en¬ 
ergy. This behavior should be general for the neutrino mech¬ 
anism, and probably does not depend on the specific scenario 
in which the star explodes. In fact, this behavior should hold 
for every scenario in which the deposited energy is dominated 
by the stellar core and is not sensitive to the binding energy of 
the shells to be ejected. So we expect £^kin to be constant up 
to some value of |£bin| (threshold progenitor mass) and then 
to rapidly fall to zero (failed explosio ns). 

The results of lUgliano et al.l (1201 2^ for the neutrino mech¬ 
anism are shown in Panel (c) of Figured I use the values of 
T^bin, as reported bv lUgliano et al.N20l3 . which are defined 
exterior to the iron core (at a mass coordinate of Ri 1.5 Mq), 
and are approximately the binding energies of the shells that 
are to be ejected. At low progenitor masses (low |i?bin|) the 
value of E\^ia is indeed constant. However, instead of a sharp 
drop for E^^n at some value of |£^bin|, there is a complicated 
behavior near li ^hinl 10^^ erg, which received much at¬ 
tention recently (lO Connor & Ott l201 lb lUgliano et al1l2012l : 
iPeicha & ThompsonI l2015t lErtl et al.l 120151) . The range of 
binding energies over which this complicated behavior is ob¬ 
tained is only a factor of « 2 and is of no importance for 
the current discussion. Another complication in the behavior 
for the neutrino mechanism is the predicted weak explosions 
(?a 10^° erg) for the lowest mass progenitors (electron-capture 
supernova (ECSN ' ):lNomotolll984[l9^ iKiteura et alJl2006l : 
iJanka et ^ 120081 : IWanaio et al.l 1201 ll) . However, the com¬ 
bination of two different mechanisms (iron core-collapse at 
high progenitor masses and electron-capture at low progeni¬ 
tor masses) is not supported by the uniformity of the observed 
correlations for the entire progenitor mass range (see the dis¬ 
cussion at the end of Section [T2l i. In summary, the predic¬ 
tion of the neutrino mechanism is a roughly constant i?kin for 
a wide range of progenitor masses and a sharp drop (maybe 
with a complicated behavior over a small range of progeni¬ 
tor masses) at some progenitor mass. This is in a possible 
contradiction with the observation that more massive progen¬ 
itors lead to stronger explosions. It is yet to be seen whether 
accurate three-dimensional simulations of the neutrino mech¬ 
anism, with all relevant physical process taken into account, 
would reproduce this observation. 

3. EJECTED ®®NI MASSES VERSUS THE KINETIC ENERGIES OF 
THE EJECTA 

3.1. Observations 

Estimates of i?kin and Mni for 70 observed supernovae 
within comoving radial distance of < 100 Mpc (to exclude 
rare events) are listed in Table [2] and are s hown in Figure [3 
This is the same compilation of iKushnl^ (120151) with a few 
more events. Note that the distribution of the sample in the 
E-kin-AfNi plane does not represent the relative rates of the 
events. A clear correlation over two orders of magnitude 
for both Eyin and Mni is apparent. Stronger explosions eject 
larger masses of ®®Ni. This correlation allowed the use of Mni 


as an indicator for in Section |2] The estimates of Ekin 
from observations involve complicated light-curve modeling 
(which can include large systematic uncertainties). However, 
unlike the situation in Figure|2l in this case the sample is large 
and it spans more than two orders of magnitude in Mni and 
Ekin, such that the large systematic uncertainties are less im¬ 
portant. 

3.2. A common mechanism for all CCSNe 

The correlation between Ekin and Mni holds for all types 
of CCSNe (types II and Ibc), and spans the entire observed 
ranges of Ekm (~ 10®° —10®^ erg) and Mni (^ 10“® — 1 Mq). 
This correlation suggests a common mechanism for all CC¬ 
SNe, from the weakest observed explosions to the strongest 
ones. Such a common mechanism is predicted for CITE 
(lKushniill2015[) . but seems unlikely for the neutrino mecha¬ 
nism, for two reasons. The first reason is that current sim¬ 
ulations of the neutrino mechanism do not p roduce stron g 
(^ 10®^ erg) explosions (see the discussion in Hank^lM^) . 
The second reason is that weak (~ 10®° erg) explosions would 
require an extreme tuning for the neutrino mechanism. In the 
case that |Ebin| ^ 10®^ erg, the fraction of the gravitational 
energy (^ 10®° erg) released in neutrinos that is deposited 
should be ~ 2% for moderate (^^ 10®° erg) explosions, and 
should be ^ 1.1% for weak explosions (a tuning of ^ 10“°). 
In the case that |Ebin| ^ 10®° erg, the fraction of the gravita¬ 
tional energy released in neutrinos that is deposited should be 
~ 0.2% for weak explosions (again, a tuning of ^ 10“°). The 
possibility that a different mechanism (ECSN) is operating for 
the lowest mass progenitors is not supported by the smooth 
observed correlations, which suggest a common mechanism 
for all CCSNe. This is demonstrated more robustly by the 
correlation between Mni and the V-band plateau luminosities, 
which suggests a commo n mechanism for weak and moderate 
events (ISpiro et al.ll20l4 Figure 16 there). 

3.3. The progenitors of type Ibc explosions are massive 

Wolf-Rayet (WR) stars - no deficit of high mass 
progenitors for CCSNe 

The distribution of the different types of events in the Ekin- 
Mni plane indicates that the sequence II-P, 87A like, Ilb, Ibc 
is a sequence of Ekin and of Mni (this sequence is evident 
even when considering only Mni, which is more robustly ob¬ 
served). 

Ekin and Mm for type Ibc explosions are larger by an order 
of a magnitude than E^n and Mm for type ITP explosions, 
respectively. Let us consider the possibility that the progeni¬ 
tors of types Ibc and type II-P supernovae have a similar mass 
range, and that the different display of the supernova is solely 
because of the stripping of the hydrogen envelope for the type 
Ibc case. One expects that in this case Ekin and Mm would 
be similar for types II-P and Ibc, since these parameters are 
determined by the explosion mechanism, which takes place at 
the interior of the star, and is independent of the hydrogen en¬ 
velope properties (and whether it exists or not). However, as 
pointed out above, E^n and MNi for type Ibc explosions are 
larger by an order of a magnitude than the typical values for 
type II-P explosions. Therefore, the possibility that the pro¬ 
genitors of types Ibc and type II-P supernovae have a similar 
mass range is disfavored by observations. 

One caveat is that ®°Ni-powered events like type Ibc are 
hard to find when Mm is small, while type II events that 
initially powered by shock cooling can be observed even if 
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they produce no ®®Ni at all. Therefore, the lack of type Ibc 
events with small values of Mm may be because of a selec¬ 
tion bias. One possible way to check for such a bias is to cal¬ 
culate the (Pearson) partial correlation between log]^Q(£'kin) 
and log]^Q(MNi) given the distances to the events, which is 
p ~ 0.73 with a p-value of ~ 1.4 • 10“^^, suggesting that 
such a bias is unlikely. 

The second discussed possibility for the progenitors of type 
Ibc are Wolf-Rayet (WR) stars (see also the suggestion that 
the observed progen i tor of the type Ib SN PTFlSbvn is a WR 
star dCao et al.ll20l3l:lGroh et al]l2013[) . Since these stars have 
more massive cores, CITE predicts that they lead to stronger 
explosions and larger amounts of ®®Ni are ejected. This con¬ 
tinues the trend that was established in Section |2] for type II 
explosions, that more massive p rogenitors yield stron ger ex- 
plosions. One argument given bv iBersten et al.l (12014ft and by 
ISmartj (120151) against WR stars being the progenitors of type 
Ibc is the low estimated mass of the ejecta (typicaly 1 — 4 Mq) 
compared to the mass of WR stars (typicaly 8—20 Mq). How¬ 
ever, this is a problem only if one assumes that most of the 
mass of the progenitor is ejected, as predicted by the neu¬ 
trino mechanism. For CITE, only the mass exterior to the 
base of the explosive shell is ejected, and in the case that 
there is no hydrogen envelope, this mass agrees with the es¬ 
timated ejected mass from observations (iKushnrrI 120151) . It 
is further predicted by CITE for WR progenitors that the in¬ 
terior mass to the base of the explosive shell collapses and 
forms a massive black hole. So, assuming CITE explosions, 
strong type Ibc explosions with low ejecta masses are con¬ 
sistent with massive WR progenitors. Progenitor studies that 
assume a similar mass range for the progenitors of types II-P 
and Ibc supernovae suggest a defi cit of high ma ss progenitors 
(^ 20 Mq) for CCSNe (e.g., see lSmartjEOOl . However, If 
massive WR stars are the progenitors of type Ibc supe rnovae, 
there is no deficit of high mass progenitors for CCSNe (ISmarttI 

IMsb . 

In summary, the observational evidence suggests that the 
sequence II-P, 87A like, Ilb, Ibc is a progenitor mass se¬ 
quence, where more massive progenitors lead to stronger ex¬ 
plosions. 

I thank Subo Dong, Avishay Gal-Yam, Boaz Katz and Eran 
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Friends of the Institute for Advanced Study. 
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Figure 1. Panel (a): The observed correlation between Mni and the luminosities of the progenitors for type II supemovae, which was first reported bv IFraser et al.l 
<201 ID . is reproduced here with updated data. The sample includes all supemovae from TSrnarti <20150 . for which an estimate of M^[ is available in the literature, 
supplemented with SN 1987A and SN 1993J (see Table0. In the cases that lacks an error estimate, an en'or of 50% was assumed (10% for SN 1987A). 
More luminous progenitors eject larger masses of ^^Ni. Since more luminous progenitors are more massive (with more negative binding energy, F^bin) ^^d since 
larger values of Mni imply larger (see Section[3]and Figure[3), the correlation implies that more massive progenitors lead to stronger explosions. The range 
of Mbii roughly corresponds to ~ few x 10^® — few x 1 0^^ erg. Panel ( b): The kinetic energy of the ejecta as function of F^bin at the base of the explosive 
shell for the CITE simulations that exploded successfully from IKushniil <2015D . Panel (c): The kinetic energy of the ejecta as function of F^bin exterior to the iron 
core for the neutrino mechanism simulations of lUgliano et alJ <20121) . The points at 10“^® erg represent failed explosions. 
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Figure 2. The observed correlation between the estimated E'kin and the luminosities of the progenitors. The sample includes all supernovae from lSmaitB <2Q15h . 
for which an estimate of is available in the literature, supplemented with SN 1987A and SN 1993J (see Table In the cases that lacks an error 
estimate, an error of 50% was assumed (10% for SN 1987A). The estimates of from observations involve complicated light-curve modeling (which can 
include large systematic uncertainties). This is probably the reason for the weak observed correlation that is obtained when using compared to the strong 
observed correlation that is obtained when using M^[ (panel (a) of Figure^, which is model-free and can be directly derived from observations. 
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Figure 3. Estimates of E\^in and M^[ from the literature for 70 observed supemovae (see Table[3- This is the same compilation of lKushniH 420151) with a few 
more events. In the case that E'kin or Mni lack an error estimate, an error of 50% was assumed (10% for SN 1987A). The estimates of E'kin from observations 
involve complicated light-curve modeling (which can include large systematic uncertainties). However, unlike the situation in Figure[2] in this case the sample is 
large and it spans more than two orders of magnitude in M>ji and -Ekin^ such that the large systematic uncertainties are less important. 
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Table 1 

The progenitors from the sample of ISmartj <2015) . for which estimates of Mni are available in the literature, supplemented with SN 1987A and SN 1993J. 


Name 

logio(i/-£'0) 

Ekin [10®^ erg] 

®®Ni mass [Mq] 

Type 

03gd 

4 q+0.2 

1 4+0-3 
^•^-0.3 

U.UiO_Q QQg 

IIP 

05cs 

4 4+0.2 
^•^-0.2 

0 43+0-03 

0.0082+°°°ll 

IIP 

09md 

4 5+0-2 
^•^-0.2 

- 

0.005i+°°°ll 

IIP 

06my 

4 7+0-2 
^•'-0.2 

- 

0 03"*"®'^^^ 

^•'J'^-O.oiS 

IIP 

12A 

4 7+0-1 
'-0.1 

0.48 

0 nifi+0-002 

U.UiD_Q QQ2 

IIP 

13ej 

4 7+0-2 
‘ -0.2 

1 4+0-7 
-*^•^-0.7 

0 

i^-u^-O.oi 

IIP 

04et 

^•®-0.2 

9 q+0.3 
^•'^-0.3 

n nfis+O-009 

U.UDO_q QQg 

IIP 

04A 

4 9+0-3 

^•^-0.3 

- 

U.U^O_Q QJ^7 

IIP 

12aw 

4 9+0-1 
^•^-0.1 

1.5 

0.06 

IIP 

12ec 

rr -,+0-2 
^•-*--0.2 

- 

o 

b 

CO 

1 + 

o o 

b b 

IIP 

06ov 

< 4.7 

2.4 

0.127 

IIP 

99gi 

< 4.9 

-*^•^-0.5 

n m q+0.013 

U.Uio_o 009 

IIP 

99br 

< 5 

0.6 

U.UUiO_Q QQQg 

IIP 

99em 

< 5 

1 9+0.6 

-^•^-0.3 

U.U^Z_Q Qj^g 

IIP 

09ib 

< 5 

0.55 

U.U^O_Q QJ^5 

IIP 

08ax 

5 1+0-2 
^•^-0.2 

2.etll 

0 16+0-05 
i^-iD_0.04 

Ilb 

lldh 

4.9l“;2 

l-+0.*7 

u-'J^-O.oi 

Ilb 

13df 

4-94l°;l 


nil 5+0-015 
n-iio_Q 015 

lib 

87A 

5 1+0-1 
^•^-0.1 

1.7 

0.075 

87A 

93J 

5 1+0.3 
^•^-0.3 

2.4"^+ 

0 13+0.02 

Ilb 


Note. — The luminosities of the mogenitors are from lSma rt3t201 5|) excep t SN 1987A tSmartt et al.iyQ^ and SN 1993 J tMaund et alJ2Q04l) . The estimates 
of E\uri and of Mni are from Table[3 except SN 2009md tFraser et al'll201 ill . SN 2006mv iSmartt e^jl^OO^ . SN 2004A tHendrv e^ni2QQ^ and SN 2012ec 
tJerkstrand et alJ2015l) . 
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Table 2 

A compilation from the literature of estimated E'^in and from the light-curves. 


Name 

Kinetic energy [10^^ erg] 

®®Ni mass [ Mq ] 

Type 

Reference 

Name 

Kinetic energy [10^^ erg] 

°°Ni mass [ Mq ] 

Type 

Reference 

69L 

9 O+0.7 
^•'^-0.6 

0-082l®;°5^ 

IIP 

3 

73R 

9 7+1-2 
^•'-0.9 

0.084l?-55f 

IIP 

3 

831 

1 

0.15 

Ibc 

3 

83N 

1 

0.15 

Ibc 

3 

84L 

1 

0.15 

Ibc 

3 

86L 

1 O+0.5 
-‘^•'^-0.3 

0.034i0:°55 

IIP 

3 

87A 

1.7 

0.075 

87A 

3 

88A 

2 2+^-"^ 

0.062+°-°5® 

IIP 

3 

89L 

-1 q+0.6 

-*-•^-0.5 

n m c^+0.008 

U.U10_Q QQ5 

IIP 

3 

90E 

3.4I5® 

0.062l5-®55 

IIP 

3 

91G 

-| O+0.9 
-‘-•'^-0.6 

n n22+*i-®®® 
u.uzz_o 006 

IIP 

3 

92H 

3.1I5® 

0 129+0-053 

U.i^y_0.o37 

IIP 

3 

92ba 

1 O+0.5 
-‘^•'^-0.4 

0.0191®;“? 

IIP 

3 

931 

2.415'^ 

f) 1 0+O.O2 
U.iO-0.01 

Ilb 

11 

941 

-I 9-I-O.6 

-‘-•'^-0.5 

0.081®:“ 

Ibc 

11 

96cb 

2 1+^-0 
^•-^-0.9 

0 -12+0-04 
^•J-^-0.03 

Ilb 

11 

97D 

0.9 

0.006 

IIP 

3 

97ef 

8 

0.15 

Ibc 

3 

98A 

5.6 

0.11 

87A 

7 

98bw 

38.2+55 1 

0.76+?-5^ 

Ibc 

11 

99br 

0.6 

0 nni «+oooii 

U.UU1D_Q QQQg 

IIP 

3 

99cr 

1 9+0-8 
-*-•^-0.6 

n 09+0-034 

U.Uy_0.o27 

IIP 

3 

99dn 

7 0+2.6 

0 i2+^-®i 

0'-J-^_0 02 

Ibc 

11 

99em 

i-3l?:5 

U.UOO_o oog 

IIP 

I 

99em 

T 9+0.6 

0 042+^-^^^ 

U.U^Z_o Qig 

IIP 

3 

99ex 

3-6l?l 

0.181H5 

Ibc 

11 

99gi 

l-Stas 

n m q+0.013 

U.Ulo_o 009 

IIP 

3 

OOcb 

4 4+0.3 
^'^-0.3 

0.083l?-®55 

87A 

I 

02ap 

6.311® 

0 09+^-°i 

Ibc 

11 

03Z 

0 245+0-018 
u.z^o_o 018 

u.uudc>_q 0006 

IIP 

4 

03bg 

3-8ll:^ 

0 19+003 
^•J-^_0.02 

Ilb 

11 

03gd 

1 4+0.3 
-^•^-0.3 

0 016+®'^^ 
u.uiu_o 006 

IIP 

5 

03jd 

7.4111 

f) K-[ +0.1 

Ibc 

11 

04aw 

6 6+^-^ 

^•^-3.3 

0 26+‘^-‘^^ 
y-^O-o 04 

Ibc 

II 

04dk 

5.3l® 2 

n 97+0.05 
-0.04 

Ibc 

11 

04dn 

7 1+3.5 
+ -*^-3.6 

rv 99+0.04 

u.^z_o 03 

Ibc 

11 

04et 

2-3lg:| 

n 0^8+0-009 

U.UDO_q QQg 

IIP 

1 

04fe 

3.615-5 

n q+0.05 
^•'^-0.05 

Ibc 

II 

04ff 

2.9ll« 

n 99+0.04 

'-'•^^_0.03 

Ilb 

11 

04gq 

5-2l2 2 

0 14+0-07 

y-1^-0.05 

Ibc 

II 

05az 


0.381®:°® 

Ibc 

11 

05bf 

0-8lo.3 

0 09+‘^-‘^^ 
u.uy_o 02 

Ibc 

II 

05cs 

0 43+0.03 

0.00821®;®“° 

IIP 

I 

05cs 

0-16lo.OT 

u.uuo_o 003 

IIP 

2 

05hg 


0-76laf 

Ibc 

11 

06T 

1 9+0.6 
-*-•^-0.5 

n 1+0.04 

^•-^- 0.02 

Ilb 

II 

06au 

3.2 

0.073 

87A 

8 

06el 

6 4+2.6 
'^•^-4.1 

0 10+0-03 
y-iO-0.03 

Ilb 

II 

06ep 


0 08+^-®^ 
u.uo_o 02 

Ibc 

11 

O60V 

2.4 

0.127 

87A 

8 

07C 

3.811;® 

n 9 + 0.05 
'^•^-0.04 

Ibc 

11 

07Y 

1.915® 

0 QC+O.OI 

u-oiO-0 01 

Ibc 

II 

07gr 

2.9115 

rj 1 +0.02 
^•^-0.01 

Ibc 

11 

07od 

0.5 

0.02 

IIP 

6 

07ru 

-1 0+6.2 

-^'^-7.3 

0 tS2+0 05 

0'-O^_0.05 

Ibc 

11 

07uy 

10.815:5 

0 34+0-05 

y-J^_0.04 

Ibc 

II 

08D 

4.515:5 

rj 1 +0.02 
^•^-0.01 

Ibc 

11 

08ax 

2.615-5 

0 16+0-05 
y-lO-0.04 

Ilb 

II 

08in 

0.505l°;|l 

n m '5+0-005 

U.U10_Q QQ5 

IIP 

1 

08in 

0 49+0-098 
^•^^^_0.098 

0 012+0 005 
U.UiZ_o 005 

IIP 

2 

09E 

0.6 

0.04 

IIP 

7 

09bb 

o.+L 

0 31+0-05 

y-'Jl-0.04 

Ibc 

II 

09bw 

0.3 

0.022 

IIP 

10 

09ib 

0.55 

u.u^o_0 015 

IIP 

12 

09jf 

8.9ll;| 

0 24+0 03 
'^•^^-0.02 

Ibc 

11 

1 Ibm 

14+5-7 

-*-^-5.6 

0 71+0-11 

y- '1-0.09 

Ibc 

II 

lldh 

1 k+0.8 

l-^-0.7 

0 09+^-®l 
0'-'Jy_o.oi 

Ilb 

11 

libs 

1 1+^ 

-‘-'-‘--0.5 

0 04+0-01 

y-^^_o.oi 

Ilb 

II 

12A 

0.48 

0.011 

IIP 

9 

12A 

0.5251®;®° 

u.UiO_o 002 

IIP 

I 

12aw 

1.5 

0.06 

IIP 

10 

13df 

o.8l?-i 

0 11 e;+0015 
U.llO_o 015 

Ilb 

13 

13ej 

1 4+0-7 

0 02+^-®l 

IIP 

14 

iPTF13bvn 

i.slgj 

0 07+0-02 

y-^^-0.02 

Ibc 

II 


Note. — REFERENCES.-(1) lUtrobin & ChugS f20T4h :f2t ISpiro et all j2Qll);(3) IHamuvl {2QQ3);(4) . 
Pastorello et al] j20Tgi :( 7tlPastorello et al.l l2005l) ; (8tlTaddia et alj j2012l):(9VlTomasella et all <2013l) :tl0ira 
Takats et all l2015ll T7l31 IMorales-Garoffolo et 120141) : (Hl IHuang et all <20131 


lll:(6) 

POrT^alJ <20141) 7(1 ll lLvmMTer^l 1201411 : (12) 




























